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The normal cardiac response to septic shock involves biventricular dilatation and decreased ejection fractions (14, 24, 25) . Clinically, septic myocardial depression is also reflected by a suboptimal stroke volume response to fluid resuscitation (22) and infusion of exogenous catecholamines (15, 20, 32) .
The causal role of circulating factors in myocardial depression in human septic shock is now well established (21, (27) (28) (29) 31) . Measurements of isolated cardiac myocyte contraction in the presence of serum from patients with acute septic shock demonstrate a depression of maximum extent and peak velocity of myocyte shortening that correlates quantitatively and temporally with depression of the patient's left ventricular ejection fraction as measured by radionuclide ventriculography (27, 31) . We have demonstrated that this depressant activity represents a synergistic combination of low circulating concentrations of the proinflammatory cytokines, TNF and IL-1 (21) . Each individual cytokine as well as combinations of the two reproduce the depressant effects of septic serum.
Furthermore, elimination of TNF and IL-1 eliminates the myocardial depressant activity of septic serum (21) . This depressant effect appears to be mediated through a nitric oxide (NO)-and cyclic GMP-dependent mechanism (17) . Co-incubation of TNF , IL-1 , synergistic combinations of the two or human septic serum with competitive inhibitors of nitric oxide synthetase (NOS) attenuates or prevents depressant responses in isolated cardiac myocytes.
TNF also blunts generation of cyclic AMP and contractile response to catecholamine stimulation in these myocytes (18) . This observation is congruent with evidence of sepsis-associa ted cardiovascular resistance to adrenergic stimulation noted in a variety of clinical and experimental studies of sepsis and septic shock (15, 16, 20, 26, 33) .
This study was designed to further examine the relationships between defects of adrenoreceptor signaling and NO generation in early (<1 hr) myocyte depression induced by TNF . Specifically, we sought to determine the subcellular location of the defect in -adrenoreceptor signaling induced by TNF and whether or not the defect is related to NO synthesis.
Materials and Methods:
The methods utilized were a modification of those previously described (21, 27) .
The basic myocyte assay is designed to measure the depression or enhancement of contractility of beating cardiac myocytes in cell culture in response to agents which are introduced into the growth medium.
Myocyte Isolation and Culture: Spontaneously beating newborn rat myocardial cells were established using a modification of the technique described by Harary and Farley (10 
Statistical Analysis
By comparing the maximum extent of myocyte shortening at each 5 minute interval to the baseline value, changes in contractility were referenced to initial contractility. In order to confirm the existence of TNF-induced cardiac myocyte depression, the change in maximum extent of cardiac myocyte shortening over the first 20 minutes (immediately before the specified inotropic agent was introduced) was examined. Percentage change from baseline was used as the dependent variable and was analyzed as a function of time for control and test solutions using analysis of variance (ANOVA). Paired comparisons at specific time points were performed using least square means.
To examine the inotropic response to each agent (isoproterenol, forskolin, dBcAMP and calcium chloride), the concentration-response relationship at the point of maximum response (for each inotrope) was assessed. Response curves (generated from the point of maximum response) for cells exposed to TNF ± NMA were compared to curves for myocytes exposed to control medium by analysis of covariance (ANCOVA). Second degree polynomial regression analysis was used to assess the existence of a concentration-dependent cAMP response to isoproterenol and forskolin and to compare the concentrationresponse curves for TNF , TNF with NMA and control media.
Results:
In each experimental set, TNF alone generated depression of extent of shortening of cardiac myocytes over the first 20 minutes of exposure (i.e. prior to the introduction of any inotropic agent) (each group p<0.05, ANOVA). The presence of NMA, in each experimental group, abrogated this response. However, the cAMP response of TNF -and TNF + NMA-exposed cardiac myocytes to increasing isoproterenol concentrations was significantly blunted compared to controls (both p<.02, polynomial regression). 
1) Effects of Isoproterenol on Contractility and cAMP Generation

2) Effects of Forskolin on
Discussion:
TNF contributes to myocardial depression in a wide variety of pathological conditions including sepsis/septic shock. Studies of human septic shock have suggested the existence of a circulating myocardial depressant substance(s) whose early (<1 hour) in-vitro depressant activity quantitatively correlates to measures of cardiac contractility (i.e. ejection fraction) documented in-vivo (27) .
We have previously demonstrated that TNF and IL-1 are responsible for the in-vitro myocardial depressant activity of serum from patients with septic shock (21) . This depressant activity (inclusive of TNF ) has been shown to be mediated, in part, by NO (generated by a calcium-dependent NOS) and cyclic GMP (17) . An adrenoreceptor signaling defect in response to catecholamine stimulation has also been implicated in early TNF -mediated dysfunction of isolated cardiac myocyte contraction (3, 18) . In this study, we sought to determine whether TNF may act through multiple mechanisms to generate depression of cardiac myocyte contraction and whether these mechanisms are NO-dependent or independent.
Our data suggest that at least two discrete mechanisms of TNF -induced myocyte depression exist. As we have previously documented, exposure of cardiac myocytes to TNF generates an early (<1 hour) NO-dependent depression of basal contractility ( Figure 1c ) (17, 21) . This depressant response appears to be abrogated in the presence of NMA (17) . However, in this study increasing concentrations of isoproterenol added to TNF -exposed cardiac myocytes failed to correct the depressant effect even at the highest tolerated concentrations. Although addition of NMA to TNF corrected depression at absent or low concentrations of isoproterenol (basal contractility), there was no impact at higher concentrations (Figure 1c ). This experiment suggests that a second, early NO-independent defect of -adrenoreceptor signal transduction is induced by exposure of cardiac myocytes to TNF . This possibility is supported by the demonstration that cAMP generation in response to isoproterenol is also substantially blunted by TNF and is not improved in the presence of NMA (Figure 1d ).
The location of this second early mechanism of TNF -induced myocardial depression is addressed by the experiments with forskolin and dBcAMP. -adrenoreceptor signaling is known to involve a coupled G-protein complex that activates adenylate cyclase which generates cyclic AMP(2). Defects ofadrenoreceptor signal transduction could involve the receptor itself (e.g. receptor internalization), G-protein subunits, or adenylate cyclase.
In myocytes exposed to NMA and TNF , dBcAMP and forskolin cyclase generated a contractile response distinct from that seen with isoproterenol ( Figure 1c, 2a and 3) . At absent or low concentrations of isoproterenol, TNFinduced decreases in basal myocyte contractility were prevented by NMA ( Figure   1c ). However, maximally tolerated concentrations of isoproterenol failed to fully correct TNF -induced myocyte depression even in the presence of NMA i.e. at maximally tolerated concentrations of isoproterenol, myocyte contraction was still deficient relative to control myocytes. The isoproterenol-stimulated increase in extent of contraction of these TNF -and NMA-exposed myocytes was similar to myocytes exposed to TNF without NMA.
As with isoproterenol, TNF -induced decreases in basal myocyte contractility were prevented by NMA at absent or low concentrations of forskolin or dBcAMP, (Figure 1c, 2a and 3 ). However, in the presence of NMA, maximally tolerated concentrations of forskolin or dBcAMP completely corrected TNFinduced myocyte depression (Figure 2a and 3) . This contrasts the findings seen with isoproterenol.
These data suggest that the location of the defect in -adrenoreceptor signaling induced by TNF is proximal to adenylate cyclase. This proposition is further supported by the demonstration that concentration-dependent forskolin- Most of the work on TNF -induced myocyte responses has focused onadrenoreceptor dysfunction associated with late (> 1 hour) depression (3, 4, 6, 9, 36) . Early depressant effects (< 1hour) of TNF on isolated myocyte contractility have been ascribed to various mechanisms. These include sequential NO and cGMP generation (via calcium-dependent NOS activation rather than calcium-independent NOS induction consistent with the short time frame to onset of myocardial depression) (5, 8, 17) and sphingomyelinasedependent signaling (5, 23, 35) . There is some suggestion that these mechanisms do not necessarily operate exclusively of each other (5, 19, 30) .
Although significant data links calcium-dependent NOS to physiologic modulation of adrenergic responsiveness (1, (11) (12) (13) 37) , there has been little work There exist two major limitations to this model. First, the neonatal rat cardiac myocytes utilized have the disadvantage of not being terminally differentiated as are adult myocytes. Their characteristics change as they age.
They exhibit metabolic differences from adult cells including significant differences in membrane receptors (34) . It can be argued that phenomena observed in neonatal rat myocytes may have limited relevance to human adult cardiac pathophysiology. However, this study was performed in order to better understand septic myocardial depression. In this context, we have already shown a significant relationship between septic serum-induced in -vitro cardiac depression in this model and in-vivo cardiac depression (decreased ejection fraction) in the septic shock patients from whom the serum is obtained (21, 27, 31) . To the extent that TNF is a central component of septic seruminduced myocyte depression(21), our current findings provide insight into the pathophysiologic mechanisms which may underlie septic myocardial depression.
In addition, the use of serum based media, although a necessary component of this study, also introduces additional var iables. Bovine s erum contains a variety of poorly understood, unidentified factors which can affect myocyte metabolism.
However, the use of controls using the same 10% bovine serum for comparison purposes compensates for this variable.
Several conclusions can be drawn from our current data. First, early generation of NO (presumably by a calcium -dependent NOS) is clearly implicated in immediate/early depression of depression of basal cardiac myocyte contractility induced by TNF . In addition, TNF exposure is associated with a second independent early depressant mechanism which is manifested by reduced contractile and cAMP response to -adrenergic stimulation. This second mechanism appears to be NO-independent but calcium-dependent.
Further, the signaling defect is located proximal to adenylate cyclase. Alterations in the -adrenoreceptor itself or in the coupled G-protein complex are likely.
These mechanisms, although similar is in some respects to those described with more prolonged exposure of cardiac myocytes to TNF , represent distinct responses that may represent specific targets for intervention in pathological states of inflammatory myocardial dysfunction. Further clarification of the nature of these disturbances will be required in order to develop specific therapies. Future studies should examine -adrenoreceptor density/localization on the myocyte cell membrane and integrity of coupled G-protein subunit signaling activity following exposure to TNF . ).
Error bars = standard error of the mean.
